An analytical study of natural convection flow inside a horizontal conduit is investigated by Bejan and Tien [1] . Davis [2] employed a different numerical scheme to analyze a free convection flow inside a square conduit and benchmarked the results with the previous data.
Guo and Wu [3] provided a mathematical model to examine two-dimensional mixed convection transient flow and temperature stratification phenomena inside a cavity. A numerical and theoretical study of time-dependent buoyancy driven flow inside a left heated rectangular conduit was studied by Hall et al. [4] . Patterson and Armfield [5] provided a comparison between numerical and experimental study of time-dependent free convection flow inside a square conduit. Kuyper et al. [6] employed a numerical technique to simulate the natural convection flow inside a differentially hated tilted square enclosure. A steady state natural convection laminar flow in the presence of high Rayleigh number was analyzed by Ravi et al. [7] . Barakos et al. [8] employed a finite volume method for benchmarking the results of free convection flow inside a conduit. Ozoe and Maruo [9] obtained a correlation of heat transfer rate dependent on Prandtl, Rayleigh and Hartmann numbers for the buoyancy driven flow inside a square conduit. Ozoe and Okada [10] presented a mathematical model of three dimensional natural convection flow inside a cavity and examined the influence of direction of magnetic field. A numerical and analytical study of natural convection flow inside a tilted cavity in the presence of transverse magnetic field was carried out by Vasseur et al. [11] . They also benchmarked their results against the results provided by Cormack et al. [12] . Alchaar et al. [13] 3 Garandet et al. [14] . Rudraiah et al. [15] predicted the influence of transverse magnetic field on time-dependent natural convection flow inside a rectangular conduit with the help of finite difference method. The conduit side walls were maintained at a constant temperature while horizontal boundaries were insulated. The study carried out by Oreper and Szekely [16] reveals that convection currents are suppressed by magnetic field and crystal formation is linked with strength of magnetic field. Alchaar et al. [17] employed a numerical scheme to predict the influence of inclined magnetic field on buoyancy driven flow inside a rectangular conduit. Their numerical simulations demonstrated that the influence of magnetic field is to reduce the heat transfer and inhibit the beginning of convection current.
Free convection flows through porous medium have attracted much attention of researchers due to their several technical usages in geothermal reservoirs, separation processes in chemical engineering, oil exploration and solidification of castings. Vafai [18] summarized latest developments on various aspects of flow and heat transfer through porous media. The applications of fluid flow and heat transfer through porous medium in biological systems were also presented by Vafai [19] . Tong and Subramanian [20] obtained boundary layer solution based on modified Oseen technique for buoyancy driven flow inside a porous rectangular enclosure. Effects of different aspect ratio on the free convection flow inside left sided heated rectangular porous cavity were analyzed by Prasad and Kulacki [21] . Basak et al. [22] employed a finite element scheme to investigate the effects of constant and variable heated boundary on free convection flow inside a porous cavity. Walker and Homsy [23] employed different methods to investigate the buoyancy driven flow inside a differentially heated porous conduit. A numerical study for different parametric ranges of Darcy and Rayleigh number was presented by Lauriat and Prasad [24] . Basak et al. [25] employed a finite element scheme to predict the effects of various heating wall and inclination angles on free convection flow inside a trapezoidal porous enclosure. Javed et al. [26] employed a Galerkin finite element method to investigate the effects of uniform and non-uniform heated inclined walls on free convection flow inside a porous triangular conduit in presence of magnetic field.
Micropolar fluid dynamics is a branch of fluid mechanics which is concerned with motion of fluids whose material points possess orientation [27] [28] . Micropolar fluid is a fluid which is concerned with rotation of fluid particles at microscale. These type of fluids are also known [27] [28] . In fact, flows with rigid and randomly oriented or spherical particles embedded in a viscous medium are well described by micropolar fluid. Only rotational motion of these element is considered whereas deformation of these suspended particles is ignored in the micropolar theory. The balance law of mass and linear momentum are supplemented with principle of angular momentum to accurately describe the geometry and intrinsic motion of microelements. This results in a non-symmetric stress tensor. Due to its simplicity, the micropolar model is widely used to analyze the flows polymeric fluids with additives, blood, suspensions etc. The rigorous mathematical theory of micropolar fluids was developed by Eringen [29] [30] [31] . It is important to point out that micropolar fluid dynamics emphasizes that non-Newtonian behavior of fluid is due to intrinsic motion of the microelements and it requires the use of additional balance laws to model the flows of nonNewtonian fluids. In contrast, there is a second approach which is based techniques of microscopic non-Newtonian fluid mechanics (i.e. kinetic theory) and presents a variety of constitutive equations to capture the non-Newtonian effects. Out of these, Maxwell and
Jeffrey are common non-Newtonian constitutive equations. Some recently studies regarding use of these equations to describe the flows of non-Newtonian fluids are carried out by Hayat et al. [32] [33] [34] , Farooq et al. [35] and Khan et al. [36] [37] [38] [39] . The micropolar fluid theory has also become very popular in the field of engineering and technology and several researchers used it to model isothermal hydrodynamic fluid phenomena inside closed conduits, parallel plates and over stretching rigid surfaces having industrial and engineering applications. In the next paragraph, a brief review of these attempts in presented.
Hayat et al. [40] employed homotopic approach to define the Brownian motion and thermophoresis aspect in the flow of micropolar fluid on a stretching surface. Waqas et al.
[41] calculated the skin coefficients and heat transfer rate for MHD mixed convection flow of micropolar fluid on a stretching sheet. Iqbal et al. [42] employed a Keller box technique to predict the effects of inclination of magnetic field on the flow of micropolar Casson fluid over a stretching sheet. Skin friction coefficient and heat transfer rate for MHD flow of micropolar fluid between the parallel plates was analyzed by Nadeem et al. [43] [44] .
Tabassum et al. [45] employed the temperature-dependent viscosity model to examine the stagnation point flow of micropolar nano-fluid. Jena and Bhattacharyya [46] used the Galerkin scheme based on shape function to predict the influence of microstructure on the thermal convection inside a cubical container. Chen and Hsu [47] investigated the free convection flow of micropolar fluid inside a container with aspect ratios 1, 2 and 4. A free convection flow of micropolar fluid inside an inclined conduit was studied by Wang and
Hasu [48] . Bourantas and Loukopoulos [49] employed a numerical scheme to investigate the natural convection flow of a conducting micropolar nano-fluid inside a tilted cavity. A numerical study of convective flow of a micropolar fluid inside a trapezoidal cavity with constant heated bottom wall is presented by Gibanov et al. [50] . Zadravec et al. [51] developed an algorithm based on finite volume method to find numerical solution of free convection flow of micropolar fluid in a square enclosure. Gibanov et al. [52] used the finite difference scheme to analyze the free convection flow of micropolar fluid inside a differentially heated wavy cavity. Unsteady flow of a micropolar fluid in a wavy triangular conduit was studied by Sheremat et al. [53] . Alloui and Vasseur [54] reported the numerical and analytical solution of a micropolar fluid in a rectangular shallow cavity. Ece and Buyuk [55] examined buoyancy driven flow under the influence of transverse magnetic field inside an inclined cavity which is heated from left and cold from top. The left and lower wall were insulated. From the above cited literature it is noted that no such study is reported in the literature which deals with buoyancy driven flow of micropolar fluid in an inclined poroussaturated cavity under the influence of inclined magnetic field. It is intended to see how inclined magnetic field, porous medium, cavity inclination and rheological parameters of the fluid affect the flow and heat transfer rate. In fact for a presumed geometrical shape of the enclosure, our objective is to identify a suitable combination of controlling parameters for which heat transfer into the cavity is maximum/minimum. The important applications of micropolar fluid flowing through porous media can be found in porous rocks, foams and foamed solids, aerogels, alloys and polymer mixture etc. Further, the results of present study are also potentially applicable to flows of biological fluids in thin conduits, polymeric and colloidal suspensions, rigid crystals etc. Moreover, such study is also beneficial in design of room vantilation systems, solar collectors and electronic cooling system. The present study also complements the analysis of Ece and Buyuk [55] by taking the fluid inside the enclosure as a micropolar fluid and using a different set of boundary conditions i.e. both vertical boundaries of the conduit are cold whereas lower surface is maintained at constant or sinusoidal temperature and top wall is insulated. Moreover, the space inside the cavity is also considered as porous. Physically, our model correspond to flow in a porous metal heat exchanger. Moreover, in absence of porous medium our problem models the flow and heat transfer in a solar collectors [56] .
Mathematical formulations
Let us consider a two-dimensional flow of a micropolar fluid in the presence of inclined magnetic field inside a tilted porous cavity. The vertical walls of the conduit are cold whereas the top wall is insulated. A constant or variable temperature distribution is specified at the lower wall of the cavity. The geometry of the considered flow problem are shown in Fig.1 .
The cavity is inclined at angle w with the horizontal. A constant magnetic field of strength B is applied in the direction making an angle φ with lower wall of the conduit. c is the specific heat, ݇ ത is the permeability of the porous medium, ݇ is the thermal conductivity, ߤ is the dynamics viscosity, j is the microinertia, g is the gravitational acceleration, ߢ is the vortex viscosity coefficient and ߙ, ߚ, ߛ are spin gradient viscosity coefficients. The current density J has the following form
In the above equation ߪ is the electrical conductivity of the fluid. It is assumed that the magnetic Reynolds number ( ) m R is small and therefore the induced magnetic field due to motion of the fluid is neglected [57] . It is also assumed that the Joule heating and viscous dissipation effects are negligible.
Using the Boussinesq approximation, the governing equations in scalar form are:
1 cos u sin cos cos ,
The boundary conditions for the considered geometry are:
Here ܶ and ܶ ு are the temperatures of the cold and hot boundary of the conduit, respectively, h and l are the height and length of the conduit, respectively, ߙ is the thermal diffusivity of micropolar fluid, and υ is the kinematic viscosity. The sinusoidal wall temperature at the bottom wall is selected in accord to previous available studies in the literature on the cavity flow.
Specifically, Basak et al. [23] , Sivasankaran et al. [58] , Saeid and Yaacob [59] , Natarajan et al.
[60], Sarris et al. [61] [62] , Bouhalleb and Abbassi [63] used variable heated bottom wall with a motivation to understand the heat transfer characteristics in glass melting tank, where a number of burners placed above the glass tank give rise to periodic temperature profiles on the surface of the glass melt. The condition of sinusoidal heated bottom wall is also reported by Minkowyez [64] .
Introducing the normalized quantities:
Eqs. (6)- (10) and boundary conditions defined in (11) after dropping the bars yield: . For unit value of ζ , the turbulent flow arise. We shall only present the results for the first two cases as the last case is beyond the scope of the present study.
Solution procedure
The partial differential equations (13)- (17) are highly non-linear. Therefore, we cannot find the exact solution of the given system. The computational solution can be find by using any numerical technique. Here we have employed a finite element scheme based on a Galerkin method [23, 26, 65, 66] . This numerical scheme presents a convenient way to gain the numerical/approximate solution of complex system of ordinary and partial differential equations.
The Penalty method [65] is used to remove the pressure term in the momentum equations by using continuity equation. The penalty parameter δ is introduced by using incompressibility condition as follows:
The Eqs. (14), (15) 
In order to satisfy continuity equation a large value of δ taken generally equal to 7 1 0 returns the consistent solution.
Formulation of FEM
The finite element approximations of the velocity vector
and temperature θ are of the form ( )
, , , 
The above equations (23) - (26) are the non-linear algebraic equations which are solved by using Newton's iterative scheme. The procedure we followed is given below:
Newton's iterative Scheme
Newton -Raphson method is used here to get the higher order of convergence. Let us transform the above system into Newton -Raphsan form as 
as average Nusselt numbers. Table 1 Average Nusselt number at the lower wall of the conduit for the case of sinusoidal heated wall 
Algorithm validation
To ensure the optimal solution of the given problem, the grid independent test is very important.
Various mesh sizes are used to perform the numerical simulations of the considered problem and it is noted that, when the computational mesh containing 4096 triangular elements is refined to 4096 elements, the percentage error between the computed results obtained at two mesh sizes is 0.01% (Table 1) . A further mesh refinement can be made to reduce the error but at very high computational cost. Moreover, refining the mesh with increasing the nodal elements from 4096 [55] . This obviously corroborates the validity of our numerical code and thus the confidence on results produced in the next section is quite high. . The other micropolar parameter η is fixed at a unit value.
Numerical results

Numerical
Uniform heated bottom wall
In the present section, the numerical results are reported for the first case namely, uniform heated lower wall of the cavity. However, with increasing ߶, these contours are suppressed toward the bottom wall. 
Non-uniform heated bottom wall
The streamlines and isotherms for the case of non-uniform heated bottom wall are shown through Fig. 8 -12 . Figs. 8 and 9 report the effects of ߱ and ߶ on streamlines and isotherms, respectively for same values of the involved parameters as used in Fig. 3 parameter ξ on streamlines and isotherms can be observed by comparing Fig. 13 with Fig. 12 .
The results indicate that there is no appreciable effect of ξ on streamlines and isotherms. for uniform heating case. Moreover, maxima in the local Nusselt number profiles also shift toward the right wall with increasing Hartmann number for non-uniform heating case. Fig. 14 (c) shows a decrease in the local Nusselt number with increasing the permeability of the porous medium ( ) Da → ∞ for both uniform and non-uniform heating cases over major portion of the lower wall. The effects of inclination angle ߱ on the local Nusselt number are shown in Fig. 14   (d) . In all profiles ߶ = 0 , therefore the maxima appear at both right and left edges of the bottom wall for uniform heating case. Moreover, the minima (maxima) in local heat transfer rate profiles shift toward the right wall with increasing ߱ for uniform heating case (non-uniform heating case). With increasing ߱ the local heat transfer rate increases in the left half of bottom wall while a reverse trend is noted in the right half for both uniform and non-uniform heating cases.
Local Nusselt Number at the heated surface of the conduit
Average Nusselt Number at the hot wall
Numerical values of average Nusselt number at the bottom wall for various values of ‫,ݎܩ‬ ߱ and ߶ are listed in Table 3 for both uniform and non-uniform heating cases. It is observed that average Nusselt number is independent of ߱ and ߶ for smaller values of Gr.
For larger values of
Gr, an increase in average Nusselt number is noted with increasing both ߱ and ߶. Moreover, a rapid increase in average Nusselt number is achieved with increasing Grashof number for ߱ = −45 or 45 . Further, the average Nusselt number is substantially low for non-uniformly heated case in comparison to the uniformly heated case. Table 4 enlists the numerical values of average Nusselt number for different values of ‫,ܽܦ‬ ܴ , ‫ݎܲ‬ and Ha for both uniform and nonuniform heating cases when ‫ݎܩ‬ = 10 ହ . It is noted that average Nusselt number decreases with increasing either of these parameter for both uniform and non-uniform hating case.
Discussion
The thermal boundary conditions imposed at the walls of the cavity in absence of the parameters ߱, ߶, ‫,ܽܪ‬ ܴ induce the buoyancy driven flow inside the square cavity. The warm fluid from the middle portion of the cavity rise along the two cold vertical walls and form two symmetric rolls with clockwise and anticlockwise rotations in the enclosure. The temperature contours are symmetric about the vertical centerline. The scenario entirely resembles with situation investigated in a great deal by Basak et al. [66] . Now with increasing either of ߱, ߶, ‫ܽܪ‬ and ܴ a substantial change in the pattern of streamlines and isotherms is anticipated. The instead of developing at the side and bottom walls grows inside the entire cavity. Table 3 Table 4 Variation of the average Nusselt number at hot wall of the conduit with ߶ = 45
, ߯ = 1. 
